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Abstract 
Hydroxyapatite (HAp) has been used extensively in medical applications for repair or replacement of bone tissues in human body 
system. It is chemically similar to the mineral component of bone and teeth and will form an artificial bone-like structure with the 
surrounding bone tissue when implanted. However, sintered hydroxyapatite material exhibits relatively poor mechanical 
properties than natural bone and as such, improvement of mechanical properties are necessary. One of the candidate materials for 
the reinforcing phase to HAp is zirconia, ZrO2. Medical applications of ZrO2 implants confirmed their satisfactory 
biocompatibility, although it cannot bond well to bone tissue. In this study, ZrO2/HApbiocomposites were fabricated with the 
objective to improve the strength and toughness of the biomaterial. Commercial CaO-ZrO2 (CZ) was selected as the reinforced 
material to the HAp matrix. Small amounts of CaF2 were added to improve sinterability and the phase stability of these 
biocomposites. Conventional ceramic processing route was used to prepare ZrO2/HAp samples, which involved milling and 
mixing, compaction and sintering. X-ray diffraction (XRD), linear shrinkages, density and porosity, flexural strength, Vickers 
microhardness, toughness, and scanning electron microscopy (SEM) were used to characterize the (ZrO2/HAp) biocomposites. 
XRD results indicate phase stability of biocomposites to a temperature of 1200 °C. Shrinkage of fired samples were very uniform 
with increasing temperature, with slightly lower shrinkage in thickness direction. In general, strength of the reinforced ZrO2/HAp 
was successfully increased from 35.70 MPa to 52.88 MPa and the toughness was increased from 0.65 MPa.m1/2 to 1.33 MPa.m1/2 
as well. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
HAp is chemically similar to the inorganic mineral component of bone and teeth1,2 and possesses exceptional 
biocompatibility and unique bioactivity3. Even though HAp offers high biocompatibility, relatively low density, 
high compressive strength and high hardness, application of HAp as a load bearing implant is limited because of its 
brittleness and relatively low mechanical properties. Hence, there is a necessity of reinforcement to HAp without 
hampering its biocompatibility4. For these reasons, the biocomposites of HAp and ZrO2 was conducted in this work 
in order to combine the biocompatibility of HAp and the high strength and toughness of ZrO2. ZrO2 has been found 
to retain high mechanical strength and toughness without degrading the biocompatibility of HAp when incorporated 
as a second phase5–10. HAp-ZrO2 composites have shown the improved strength and toughness as compared to 
monolithic HAp itself11–14.  
However, the reaction between ZrO2 and HAp will enhance the decomposition of HAp and leads to inhibit 
densification of the composite resulted in low mechanical properties. Again, the presence of ZrO2 in the system 
decreases the decomposition temperature of HAp into tri-calcium phosphate (TCP; α- or β-)15–18.  With an aim to 
maintain the phase stability of HAp, CaO-ZrO2 was chosen in this work in order to provide another source of Ca2+. 
And, the addition of CaF2 was also intended to improve sinterability and to retain the HAp phase. 
With these contexts, the current study was performed to fabricate HAp and CaO-ZrO2 composites through the 
incorporation of CaF2 by air sintering at temperatures between 1100 to 1350 °C. The effect of the added-CaF2 on 
sintering behavior of CaO-ZrO2/HAp was investigated.  
2. Materials and Method 
2.1. Materials fabrication 
As starting materials, 90, 95 wt% high-purity HAp (Sigma-Aldrich (M)) and 5, 10 wt% CaO-ZrO2 (UCM 
Zirconia Inc., Greeneville Tennessee) powders were used to fabricate (ZrO2/HAp) biocomposites with the addition 
of 5 wt% CaF2(Merck KGaA, Germany) powders, designated as H-5CZ-5CF, H-10CZ-5CF, respectively. The 
powders were milled and mixed with zirconia balls for 24 h. De-ionized water was used as a mixing media. After 
milling-mixing, the mixture was dried in an oven at 100 °C for 24 h. Dry aggregates were lightly ground into fine 
powders using agate mortar and sieved through a 250 µm screen. A 55 mm × 10 mm die was used to form 
rectangular bar shape sample and a uniaxial pressure of 90 MPa was employed to compact. Sintering was conducted 
in air atmosphere at six different temperatures (1100, 1150, 1200, 1250, 1300 and 1350 °C) using LENTONmuffle 
furnace. The schedule of sintering includes soaking time of 5 h with heating and cooling rate of 5 °C/min. The 
samples produced are coded as in Table 1. 
 
Table 1. Summary of CaO-ZrO2/HApcomposition with the study on the effect of CaF2 addition 
 
Code CaO-ZrO2 (wt%) HAp (wt%) CaF2 (wt%) 
(based on total weight of CaO-ZrO2/HAp powder (60g)) 
H-5CZ-5CF 5 95 5 
H-10CZ-5CF 10 90 5 
2.2. Characterization and mechanical test 
Using Archimedes method, the density and apparent porosity of the sintered specimens were measured. The 
samples were subsequently ground using SiC paper, followed by polishing using 1 µm, 0.3 µm and 0.05 µm 
alumina powders. After etching at a temperature 100 °C below its sintering temperature for 2 h, their microstructures 
were analyzed by Zeiss Supra 35VP Field Emission Scanning Electron Microscope (FESEM). The specimens were 
also characterized by XRD Bruker DX 8 for the phase formed. The scan started from 20° to 80°2θ, using copper (Kα 
Cu) with wavelength of 1.5406 nm as X-ray source.  
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For the flexural strength, 3-point bending test was conducted using INSTRON 3366 universal testing machine 
with a crosshead speed of 0.5 mm/min, and outer span length of 40 mm. Microhardness of the specimens was 
measured by Vickers microhardness tester. A diamond indenter with 1 Kgf load was used to test the samples, and 
loading time of 12 seconds was applied.  Indentation fracture in ceramic materials was suggested as a simple 
technique to determine fracture toughness value. Fracture toughness measurement was determined by applying 3 
Kgf load to make significant crack from the indent tips. 
 
3. Results and Discussion 
3.1. Phase Identification 
The samples were found that the HAp decomposes to β-TCP with respect to sintering temperatures. However, 
both H-5CZ-5CF and H-10CZ-5CF biocomposites had significantly low decomposition of HAp as described in Fig. 
1. The strongest diffraction peaks of the samples sintered at different temperatures matches with the reference 
patterns of HAp at 25.87°, 31.97°, 32.28° and  33.16° (ICDD card number 98-004-0506) and β-TCP at 27.78°, 
31.01°, 31.05°, and  34.35° (ICDD card number 98-007-6561). Peaks at 30.17°, 50.17°, 50.58° and 60.03° are that 
of t-ZrO2(ICDD card number 98-009-1974). The CaZrO3 phase was also observed in the CaO-ZrO2/HAp composites 
although it was difficult to distinguish the peaks from t-ZrO2 peaks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
i.  
ii.  
 
Fig. 1. XRD patterns of HAp, H-5CZ-5CF and H-10CZ-5CF biocomposites with 5 wt% CaF2 addition after sintering at 1250 °C for 5h;        
(*: HAp, β: β-TCP, t: t-ZrO2, c: CaZrO3). 
3.2. Evaluation of Physical Properties 
From Fig. 2(a), it can be observed that by adding 5 wt% CaF2, the densities continuously increased and reach 
maximum values at 1350 °C for both H-5CZ-5CF and H-10CZ-5CF composites. At lower temperature below 1250 
°C, HAp showed higher bulk density than the composite. Generally, the higher the amounts of CaO-ZrO2, the lower 
the densities were achieved for these composites except the highest temperature, 1350 °C. This is because CaO-ZrO2 
powder is quite coarse and the composite with smaller CaO-ZrO2 amount cannot apparently increase its density. 
Based on XRD analysis, 5 wt% addition of CaF2 was able to inhibit the decomposition of HAp effectively. High 
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density was, therefore, observed for this system. The increase in density was accompanied with lower porosities. 
The porosities are relatively low after 1250 °C and above as described in Fig. 2(b). 
The length linear shrinkage is shown in Fig. 2(c) and it can be observed that HAp has relatively higher 
shrinkage than both H-5CZ-5CF and H-10CZ-5CF biocomposites until 1200 °C. Further increase in sintering 
temperature until 1250 was unable to enhance its density. On the other hand, the addition of 5 wt% CaF2 was able to 
give higher sintering shrinkage for both H-5CZ-5CF and H-10CZ-5CF composites. Consequently, higher density 
was achieved because higher shrinkage indicates higher densification. Higher ZrO2 content was found to inhibit the 
shrinkage of HAp because large inclusions can effectively retard the matrix densification and affect the composite 
microstructure characteristics19. So, it requires higher temperature for more shrinkage. However, if the higher 
temperature is to be employed, this may result in decomposition of HAp, and this may affect the properties of the 
composite. Low shrinkage can also be beneficial for the near-net shaping for the HApbioceramics implants20,21.  
 
   (a)                                                                                         (b) 
 
 
  
 
 
 
 
 
 
 
 
 
 
                                     c)      
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.(a) Bulk densities; (b) Apparent porosities; (c) Length linear shrinkages of HAp, H-5CZ-5CF and H-10CZ-5CF biocomposites with 
5 wt% CaF2 addition as a function of sintering temperature. 
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      (a)                                                                                          (b) 
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Fig. 3. (a) Flexural Strength; (b) Hardness; (c) Fracture toughness of H-5CZ-5CF and H-10CZ-5CF composites compared with HAp as a 
function of sintering temperature. 
 
3.3. Evaluation of mechanical properties 
The use of CaO-ZrO2 was able to provide better density compared to that of HAp. XRD analysis showed that 
less decomposition of HAp occur when CaO-ZrO2 was added. This shows that CaO-ZrO2provides another source of 
Ca2+ to maintain the Ca/P ratio of HAp and to produce a more stable composite. The mechanical properties in 
ceramics are much related to the densification and elimination of pores. It was expected that incorporation of CaO-
ZrO2 will provide improve mechanical properties. For H-5CZ-5CF composite, as the sintering temperature was 
increased, the flexural strength was also higher and reach a maximum values at 1300 °C. Maximum flexural strength 
of 53 MPa and 4.12 GPa of hardness value were achieved for this composite.  
The maximum fracture toughness of 1.33 MPa.m1/2 was successfully obtained for H-10CZ-5CF composite, 
which is higher than that of HAp. The flexural strength and hardness were also enhanced to the value of 40.5 MPa 
and 4.47 GPa at 1350 °C as shown in Fig. 3(a), (b) and (c). 
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3.4. Microstructural observation 
Fig. 4 shows the SEM images of H-5CZ-5CF and H-10CZ-5CF biocomposites samples that were sintered at 
different temperatures for 5 h. The images show that the lesser pores from 2 % porosity to 0.5 % porosity were 
present with the increase of sintering temperature, indicating improve densification at higher temperature. It can also 
be noted that the larger grain size were occurred at higher sintering temperatures. The grain size was found to be 
larger (1.85-3.41 µm) in H-5CZ-5CF system and (2.43-3.80 µm) in   H-10CZ-5CF respectively as the sintering 
temperature was increased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM images of H-5CZ-5CF composite after sintering at (a) 1250 °C; (b) 1300 °C; (c) 1350 °C and images of H-10CZ-5CF 
composite at (d) 1250 °C; (e) 1300 °C; (f) 1350 °C for 5 h. 
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4. Conclusion 
The necessity of excess Ca2+ was required to improve the properties of the composite by limiting the 
decomposition of HAp. With the addition of CaF2, the densification of ZrO2/HAp was enhanced due to suppression 
of the decomposition of HAp into β-TCP (21). In this study, it was found that the addition of 5 wt% CaF2 to 5 wt% 
and 10 wt% CaO-ZrO2 reinforced into HAp matrix had produced improved higher physical and mechanical 
properties. Even though HAp was unable to enhance its density after 1200 °C, further higher temperatures until 
1350 were performed in both of H-5CZ-5CF and H-10CZ-5CF and the higher densities were achieved. The values 
of flexural strength, hardness and fracture toughness for H-5CZ-5CF are 53 MPa, 4.12 GPa and 0.63 MPa.m1/2, and 
that of H-10CZ-5CF are 40.5 MPa, 4.47 GPa and 1.33 MPa.m1/2. Although these values are not apparently higher 
from that of HAp which has 49.67 MPa, 3.03 GPa and 1.2 MPa.m1/2, respectively, the results indicate that addition 
of CaF2 had improved the thermal stability of HApbiocomposites and allows the densification to occur at higher 
temperature. 
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